Abstract. The article deals with the design of a system for studying kinematics of movement of the vestibular system. Up to now there has not existed a system which would enable to measure the kinematic quantities of movement of the individual parts of the vestibular system within its coordinate system. The proposed system removes these deficiencies by suitable positioning of five gyro-accelerometric units on the helmet. The testing of the system took place under two conditions, during Unilateral Rotation on Barany Chair and Head Impulse Test. During the testing, the system justified its application because the results show that the kinematic quantities of the movement of the left and right labyrinths of the vestibular system differ. The introduced device is mainly intended for application in clinical neurology with the aim to enable the physician to measure all linear and angular accelerations of the vestibular system during medical examinations.
Introduction
Abnormal head posture is an important clinical sign of disease in many medical areas [1] . There is a large number of neurological disorders that affect the postural alignment of the head. The simultaneous measurement of the vestibular system movements could contribute to better understanding of diseases affecting the vestibular system functions [2] . Currently there is a number of proposed methods of measurement and evaluation of the position of the head where the abnormalities in position can be caused by the dysfunction of the vestibular system [3] [4] . Nevertheless, the majority of systems enable us to measure only the movement of the head or of other segments of the body but does not allow us to measure the movement of the vestibular system as such or the movement of the inner ear. Even though these systems are commonly used for vestibular system examinations, they are not able to detect its movements directly. These are for example the EyeSeeCam glasses equipped with gyro-accelerometers for measuring movement of the head [5] , or possibly a helmet with gyro-accelerometers for medical research of the vestibular system [6] . The accelerometric system for indirect examination of the vestibular system was also used in the system for electrotactile vestibular stimulation [7] . In this case, the accelerometer was placed on the superior side of the tongue. For similar examination, other systems with gyro-accelerometers built in helmets or in mouth pieces can potentially be used for measuring the movement of the head [8] . For purposes of prosthetic substitution of the vestibular function, gyroaccelerometric systems are being developed which are based on the cochlear implant stimulating the afferent activity of ampular fibers of the individual semicircular canals [9] [10] . Accelerometers placed in the helmet or rather on the surface of the helmet are used to measure the impact to the head within the study of the head load during sport activities such as American football, hockey or baseball [11] [8] . In some cases of head movement measurement a great number of accelerometers is used (10 and more) [12] , but without the possibility to measure the kinematic quantities of movement of the vestibular system within its coordinate system. Alternatively, to the accelerometric system, the special camera systems developed for measuring the movement of the head in space could be used to measure the movement of the vestibular system [13] . However, none of the mentioned systems or applications use sensors or head placed markers to evaluate the actual complex movement of the vestibular system. Due to their position and measurement, the abovementioned systems do not allow recording the actual movement of the vestibular system because the position of movement sensors is outside the vestibular system of a man. The reason is that these systems are developed to record the movement of anatomical landmarks which are on the surface of the head. Another reason for the impossibility to measure the complex movements of the vestibular system is that the systems have only one sensor or that the construction of the system does not allow for the measurement vol.
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System for Measuring Kinematics of Vestibular System Movements of the movement of the vestibular system. Another disadvantage of the camera systems is the need for the distribution of tracking elements of the system, i.e. cameras of the camera system. These systems do not allow measuring more extensive movement and are expensive in comparison with the gyroscopic or accelerometric systems. The second disadvantage of these systems is the impossibility to track complex 3 dimensional movements due to the possibility of covering up of the marker [14] . However, physicians require measuring all linear and angular movements of the vestibular system only, but not of other segments or anatomical landmarks of the body. It is the knowledge of the movement of part of the vestibular system which is induced by the external stimulus or rather by the methodology of measurement of the function of the vestibular system which is interpreted by the analysis of the kinematic data of the record of the movement. In clinical neurology the stimuli are for example unilateral rotation on the rotating chair [15] , HIT (Head Impulse Test) [16] [5], VAT (Vestibular Autorotation test) [17] and others. The mentioned deficiencies should be solved by the newly proposed system which enables us to measure the movement of the vestibular system but not of the head as such during the above mentioned tests. Because the existing systems do not allow for such a complex recording of the movement, the aim of the article is to introduce the new system enabling us to measure the translational and rotational movements of the vestibular system of a man in all 3 axes of the 3-D space. For this purpose, the method of presentation of the evaluation of the bilateral data, i.e. data from the left and right labyrinths of the vestibular system will be shown.
Methods

Measuring system
The disadvantages of measuring by the existing methods are removed to a great extent by a device for measuring the movement of the vestibular system proposed by us. Its principle is that it consists of a helmet which can be placed on the head of the patient and which is by its construction designed to attach 5 gyro-accelerometric units in such a way that they enable us to precisely measure the movements of the vestibular system see Fig. 1 . During the designing process it was supposed that the translational and rotational movements of the vestibular system differ, which means that it was necessary to place the individual gyro-accelerometric units on the anatomical axes of the vestibular system or rather on the axes on which the specific translational and rotational movements are being accomplished.
The designed helmet is equipped with five sliding plates enabling precise positioning of five gyroaccelerometric units, see Fig. 2 and Fig. 3 . The sliding plates are placed on the helmet in such a way that their planes of movement correspond with the individual anatomical planes (frontal, transversal, sagittal) of the head in upright position. The gyro-accelerometric units are appropriately placed on each sliding plate so as to enable precise positioning of the gyro-accelerometric units on the anatomical axes passing through the vestibular system. The precise position of the sliding plates on the helmet is secured by locking screws before the measurement.
The sliding plate occipital left is placed in the frontal plane with the center on the axis of the left labyrinth of the vestibular system which is perpendicular to the frontal plane. The sliding plate occipital right is placed in the frontal plane with the center on the axis of the right labyrinth of the vestibular system that is perpendicular to the frontal plane. The sliding plate parietal left is placed in the transversal plane with the center on the axis of the left labyrinth of the vestibular system that is perpendicular to the transversal plane. The sliding plate parietal right is in the transversal plane with the center on the axis of the right labyrinth of the vestibular system which is perpendicular to the transversal plane. The sliding plate temporal lies in the sagittal plane with its center on the axis of the left and right labyrinths of the vestibular system which is perpendicular to the sagittal plane. The sliding plate occipital left, sliding plate occipital right, sliding plate parietal left, sliding plane parietal right, sliding plate temporal allow continuous movement in any direction of planes of the plates in the extent of 1.5 cm and their subsequent fixation by the locking screws to the helmet.
The units of the gyro-accelerometer are IMU MTx Xsens containing a 3 axis accelerometer, a 3 axis gyroscope and a 3 axis magnetometer. The gyroaccelerometric unit occipital left is attached to the sliding plate occipital left. The gyro-accelerometric unit occipital right is attached to the sliding plate occipital right. The gyro-accelerometric unit parietal left is attached to the sliding plate parietal left. The gyroaccelerometric unit parietal right is attached to the sliding plate parietal right. The gyro-accelerometric unit temporal is attached to the temporal sliding plate. Data from the gyro-accelerometric units are transmitted to the transmitter of the wireless communication unit. The transmitter of the wireless communication unit transmits data to the receiver of the wireless communication unit. The receiver of the wireless communication unit sends data to the PC which processes the data concerning the movement of the vestibular system see Fig. 4 . The units are connected in series with a WR-A Xsens transmitter by the wireless communication unit. The receiver of the wireless communication -XbusMaster Xsens which transmits the measured data to the PC which processes it by means of a standard data cable USB-A type.
The system is designed to enable repeated measurements of patients with various sizes and profiles of the head. The construction of the helmet is rigid and ensures that the sliding plate occipital left and the sliding plate occipital right are perpendicular to the sliding plate parietal left, the sliding plate parietal right and the sliding plate temporal. The sliding plate parietal left and sliding plate parietal right are simultaneously perpendicular to the temporal sliding plate, see Fig. 2 . The system can be operated by one examining person who arranges the fixation of the helmet on the head and the positioning of the sliding plate so that the sensors of the units are on the appropriate anatomical landmarks of the head of the patient which are defined as a perpendicular projection of the ax is of the vestibular system to the appropriate anatomical planes. The sliding plate occipital left must be arranged so that the gyro-accelerometric unit is on the axis of the left labyrinth of the vestibular system which is perpendicular to the frontal plane. The sliding plate occipital right must be arranged so that the gyro-accelerometric unit occipital right is in the axis of the right labyrinth of the vestibular vol.
no. / System for Measuring Kinematics of Vestibular System Movements system which is perpendicular to the frontal plane. The sliding plate parietal left must be arranged so that the gyro-accelerometric unit parietal left is in the axis of the left labyrinth of the vestibular system which is perpendicular to the transversal plane. The sliding plate parietal right must be arranged so that the gyro-accelerometric unit parietal right is in the axis of the right labyrinth of the vestibular systems which is perpendicular to the transversal plane. The sliding plate temporal must be arranged so that the gyro-accelerometric unit temporalis is in the axis of the left and right labyrinths of the vestibular systems perpendicular to the sagittal plane.
Measurement and testing
To test the utilization appropriatness of the proposed system designed for independent measurement of the right and left labyrinth of the vestibular system which hinders the construction compared to other existing systems, we have performed a comparison of data corresponding with the left and right labyrinth of the vestibular system. We assume that the values of accelerations will differ. We use pairs of gyroaccelerometers in occipital and parietal parts of a head. For further testing of the system we selected an occipital pair that allows us to measure linear accelerations in the anterior-posterior direction and simultaneously angular acceleration corresponding with roll angular movement in the frontal plane. These movements are commonly studied for example to assess body responses to translational movement [6] . Gyroaccelerometric sensors were set up so that their axes lie on the axes of the vestibular system which pass through its center. These axes are then perpendicular to the frontal plane and the rotation movement around these axes matches the roll movement of the vestibular system see Fig. 1 . A healthy subject (age 22) was selected for this testing and two types of movements were performed. The HIT (Head Impulse test) [16] [5] was carried out repeatedly with the rotation around the vertical axis of the body and unilateral rotation on the rotation chair [15] within a 1 minute period when the longitudinal axis of the body lay on the axis of chair rotation. Within the tests we measured kinematic data of the movement of the vestibular system, namely linear acceleration in the frontal direction of a head and angular acceleration corresponding with the head roll movement. The values of these kinematic quantities are output data from the used MTx Xsens gyro-accelerometers. The sensor fusion algorithm (Extended Kalman Filter) was implemented in the unit [19] . The sensors signal generation model is described directly by Xsens, see also [20] . The output signal was not filtered in any other way, to have the possibility of considering errors in the final evaluation. The sway was measured with precision of < 0.5°, the linear acceleration was measured with precision of < 0.02 m s −2 , and the sampling frequency was 100 Hz.
Since the vestibular system records accelerations, it was necessary to convert the angular velocities to angular accelerations. Derivation of the recorded angular velocity was carried out in the MatLab environment (MathWorks, Inc.). For the realization of numeric derivation we used the DIFF function which calculates the differences between adjacent elements of the angular velocity record [21] .
After determination of two linear accelerations of the right and left labyrinth of the vestibular system and two angular accelerations of the right and left labyrinth of the vestibular system, the presentation of data, using time dependencies that are commonly used for studies of minimal, or maximal values of kinematic quantities [6] , was performed. Furthermore, we employed so-called bilateral diagrams of mutual dependencies of development of identical kinematic quantities for the right and left body part [22] . For our purposes we will presume a presentation of kinematic quantities of movements of parts of the vestibular system (left and right labyrinth) in a 2-D chart. In the case of perfect symmetry, all the chart points of both simultaneously recorded quantities (for the right and left body part) would lie on the axis passing through the beginning of the chart and would be at an angle of 45°. To be able to compare the symmetry in the case of the tests during which the head rotation occurs (on the rotation chair with the axis identical to the longitudinal axis of the body and HIT), it was necessary, with one of the accelerations of translational movement (in our case the right labyrinth of the vestibular system), to convert the development of the values of the signal (multiply by −1). This way of presentation of kinematic quantities has not been used so far in connection with the vestibular system.
Statistic assessment
The comparison of kinematic data of the left and right labyrinth of the vestibular system has furthermore been carried out. The Spearman's rank correlation coefficient between the kinematic data of the left and right vestibular system was calculated to study the differences between the data of left and right IMU. Spearman s rank correlation coefficient was employed since this regards a nonparametric method which uses the ranking of values of the quantitites observed and thus it does not require normality of data. The advantage lies in the possibility to use this method for description of any linear or nonlinear dependencies [23] . Spearman's correlation coefficient is thus used for measurements of the power of the relationship with such quantities where it is not possible to assume the linearity of the expected correlation or normal division of the observed variables. If the value of the Spearman's rank correlation coefficient falls between 0.0-0.4, there is a weak correlation, 0.4-0.6, there is a moderate correlation, 0.6-1.0, there is a strong correlation. 
Results
After realization of repeated HIT and unilateral rotation on the rotational chair, time dependencies of two linear accelerations in the anterior-posterior (aAP) direction for the left (aL-AP) and right (aR-AP) labyrinth of the vestibular system were used, as well as two angular accelerations of roll movement in the frontal plane (αF) for the left (αL-F) and right (αR-F) labyrinth of the vestibular system, see Fig. 5 and Fig. 6 . With regard to the clarity and easier comparison of the record, the linear accelerations and angular accelerations were depicted in one chart and simultaneously shorter sequels of the entire record were presented in Fig. 5 and Fig. 6. Fig. 5 shows four subsequent HIT tests. Fig. 6 shows the deceleration phase of unilateral rotation on the rotating chair where it is possible to assume an occurrence of acceleration and deceleration, respectively.
So called bilateral diagrams of mutual dependence of development of identical kinematic quantities were furthermore employed, only for the right and left part of a body. After the repeated HIT and unilateral rotation on the rotating chair a parallel record of two linear accelerations in the anterior-posterior direction, as well as two angular accelerations of roll movements in the frontal plane for the right and left labyrinth of the vestibular system, see Fig. 7 and Fig. 8 .
In the case of HIT the value of the correlation coefficient between the linear acceleration in the anteriorposterior direction of the right labyrinth of the vestibular system and the linear acceleration in the anteriorposterior acceleration of the left labyrinth of the vestibular system was 0.23. In the case of HIT, the value of the correlation coefficient between the angular acceleration of the roll movement of the right labyrinth of the vestibular system and the angular acceleration of the roll movement of the left labyrinth of the vestibular system was 0.98.
In the case of the unilateral rotation on the rotation chair, the value of the correlation coefficient between linear acceleration in the anterior-posterior direction of the right labyrinth of the vestibular system and linear acceleration in the anterior-posterior direction of the right labyrinth of the vestibular system was 0.86. In the case of HIT, the value of the correlation coefficient between the angular acceleration of the roll movement of the right labyrinth of the vestibular system and the angular acceleration of the roll movement of the left labyrinth of the vestibular system was 0.78.
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Discussion
A special system for measuring kinematic quantities of translational and rotational movement of the left and right labyrinth of the vestibular system has been proposed. It was found that there is no similar device enabling to measure the movement of the vestibular system specifically within the scope of its coordinate system. The system suitability test was carried out during unilateral assessment on the rotation chair and HIT. The results of the system testing show that the measured kinematic data for the right and left labyrinth of the vestibular system vary slightly, see Fig. 5 . Fig. 6 . In the case of accelerations of translational movements during HIT, the recorded development of accelerations of the left and right labyrinth of the vestibular system was even reverse. With the angular accelerations in HIT, such trend has not been recorded. The bilateral diagrams show, in the case of the translation accelerations, a significant dispersion of the points, from the hypothetically perfect symmetrical development of the values (lying on the hypothetical axis with an angle of 45°). With the angular acceleration in HIT, the dispersion of the values is minor and the recorded data are almost aligned. This stems from the fact, that within the HIT test, there is a complex 3-D movement in which the originally assumed rotation around the axis of the symmetry of a head, or longitudinal axis does not appear. However there is an occurrence of rotation around a point outside an axis which varies according to the action intensity of the examining person on the subject during HIT. There is a parallel occurrence of the rotation on all three planes. For this reason the entire translational acceleration measured using accelerometers is the sum of both acceleration of the translational movement, and peripheral acceleration during HIT. Both linear and angular accelerations vary during the above mentioned complex movement of the left and right labyrinth of the vestibular system. The stated differences in the measured accelerations are also confirmed by the low correlation of the record of the left and right labyrinth of the vestibular system which is only weak. In the case of the measured angular roll accelerations of the rotation movement, Fig. 7 , the accelerations coincide highly, hence the presumption that with the HIT with the intention of movement around the vertical axis, a head, in the places of the left and right labyrinth of the vestibular system in the frontal place, rolls with similar angular acceleration. This also shows strong correlations between the data for the left and right labyrinth of the vestibular system which is strong.
Also in the case of the results of the measurement of accelerations during unilateral rotation on the rotation chair, the differences in the records of the left and right labyrinth of the vestibular system are apparent. Nevertheless, the symmetry corresponding with strong correlation is obvious by translational and rotational accelerations. In such a case, the similarity of the values stems from the direction of rotation, when the rotation around the vertical axis is always preserved by such positioning of the proband on the rotation chair that eliminates combined rotation in all planes as it occurred in the case of HIT. Nonetheless, even here we can see a slight difference since this is again not the rotation around the axis of the symmetry of a head but the rotation axis lies outside the symmetry axis. From the results it is evident that our proposed system allows recording kinematic quantities of the movement of the left and right labyrinth of the vestibular system which can differ. The practical usability has been thus proved above all for the medical practice and research where it is necessary to detect movement data of the left and right labyrinth of the vestibular system separately.
Conclusions
The proposed system differs from the traditional systems in the aspect of not using solely one gyroaccelerometric sensor which is not placed in the accurate anatomical position of the vestibular system. It employs a set of sensors allowing for the monitoring of the movements of the parts of the vestibular system within the scope of their coordinate systems. The presented device is designed mainly for application in clinical neurology with the aim to allow physicians to measure all linear and angular accelerations of labyrinths of the vestibular systems in medical examinations such as unilateral examination on the rotation chair, pulse rotation test and vestibular autorotation test. The system allows for a direct correlation of information on movements of the labyrinths of the vestibular systems in neurological assessments. Further utilization is possible in all cases where it is necessary to determine linear and angular acceleration of parts of the vestibular system, mainly in biomechanics. The subsequent research will be aimed at the proposal of methods of complex evaluation of 3-D movement for clinical practice with the intention to use the proposed methods for clinical examinations.
